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ABSTRACT
We compare the results of high-resolution simulations of individual dark matter
subhalos evolving in external tidal fields with and without baryonic bulge and disk
components, where the average dark matter particle mass is three orders of mag-
nitude smaller than cosmological zoom-in simulations of galaxy formation. The Via
Lactea II simulation is used to setup our initial conditions and provides a basis for
our simulations of subhalos in a dark matter-only tidal field, while an observationally
motivated model for the Milky Way is used for the tidal field that is comprised of
a dark matter halo, a stellar disk, and a stellar bulge. Our simulations indicate that
including stellar components in the tidal field results in the number of subhalos in
Milky Way-like galaxies being only 65% of what is predicted by Λ Cold Dark Matter
(ΛCDM). For subhalos with small pericentres (rp . 25 kpc), the subhalo abundance
is reduced further to 40%, with the surviving subhalos being less dense and having a
tangentially-anisotropic orbital distribution. Conversely, subhalos with larger pericen-
tres are minimally affected by the inclusion of a stellar component in the tidal field,
with the total number of outer subhalos ≈ 75% of the ΛCDM prediction. The densi-
ties of outer subhalos are comparable to predictions from ΛCDM, with the subhalos
having an isotropic distribution of orbits. These ratios are higher than those found
in previous studies that include the effects baryonic matter, which are affected by
spurious disruption caused by low resolution.
Key words: galaxies: structure, Galaxy: general, Galaxy: kinematics and dynamics,
cosmology: dark matter
1 INTRODUCTION
In the Λ Cold Dark Matter (ΛCDM) framework, dark mat-
ter halos are assembled through the mergers and evolution
of dark matter subhalos (White & Frenk 1991; Springel et al.
2005). The end result of this hierarchical galaxy formation
process is a halo consisting of an underlying smooth distri-
bution of dark matter, which forms out of the dissolution
of subhalos, and substructure in the form of surviving dark
matter subhalos. Subhalo dissolution can occur through a
variety of mechanisms, including internal relaxation, dynam-
ical friction, tidal heating and tidal shocks (Ghigna et al.
1998; Moore et al. 1999; Klypin et al. 1999; Diemand et al.
2008; Stadel et al. 2009). A subhalo is only expected to
survive for a Hubble time if it is sufficiently extended and
? E-mail: webb@astro.utoronto.ca (JW)
massive enough so internal mechanisms do not lead to sig-
nificant mass loss, while at the same time being compact
enough so it is shielded from the tidal field of the host
galaxy. Therefore, the fraction of dark matter that exists
in the form of substructure is likely to be higher in regions
of the galaxy where the tidal field is weak (Diemand et al.
2008; Springel et al. 2008). The expected number of mas-
sive subhalos (M > 109M) predicted by ΛCDM is in agree-
ment with the satellite galaxy population of the Milky Way,
once the suppression of star formation due to the reioniza-
tion of the Universe is accounted for (Bullock et al. 2000;
Somerville 2002; Koposov et al. 2009). Low mass subhalos
(M < 109M), on the other hand, remain dark as they do
not form stars. Hence it is difficult to directly test ΛCDM
predictions of the Milky Way’s dark matter substructure
content.
Even within the ΛCDM framework, theoretical predic-
© 2020 The Authors
ar
X
iv
:2
00
6.
06
69
5v
1 
 [a
str
o-
ph
.G
A]
  1
1 J
un
 20
20
2 Webb & Bovy
tions of what the distribution of subhalo properties should
be tend to vary. Early results from dark matter only simu-
lations (Diemand et al. 2008; Springel et al. 2008) form the
basis for most ΛCDM predictions. They provide estimates
for properties like the radial distribution of subhalos, the
subhalo mass function, and the subhalo mass-size relation
in Milky Way-like galaxies. However the inclusion of bary-
onic matter in these simulations, combined with the ever
increasing resolution capabilities of new cosmological codes,
has caused these results to start being challenged.
Simply adding an axisymmetric baryonic component to
the external potential alone is expected to increase subhalo
dissolution rates, as inner region subhalos will be subjected
to disk shocking (Gnedin & Ostriker 1997). D’Onghia et al.
(2010) finds that including the effects of disk shocking on
subhalo evolution results in ΛCDM overestimating the num-
ber of high mass (109 M) subhalos within 30 kpc of the
Galactic centre by a factor of 2. Similarly, lower mass sub-
halos (107 M) are overestimated by a factor of 3. Including
the various physical mechanisms associated with baryonic
matter, like star formation and feedback, suggest that dark
matter only simulations overestimate the amount of sub-
structure in Milky Way-like galaxies by even higher factors.
Recent work by Sawala et al. (2017) and Richings et al.
(2020) find that ΛCDM can overestimate the number of sub-
halos in a galaxy by up to a factor of 4 or 5 respectively,
primarily in the inner regions of the galaxy.
The effects of baryonic matter on subhalo evolution are
also studied in large suites of hydrodynamic cosmological
zoom-in simulations of galaxy formation, like the Feedback
in Realistic Environments (FIRE) project, which features
both dark and baryonic matter particles. Baryonic matter
exists in the form of both gas and stars, which allows for
the effects of stellar feedback on dark matter subhalos to be
explored. Garrison-Kimmel et al. (2017) find that the dark
matter substructure fraction in Milky Way-like galaxies is
likely lower than predicted by ΛCDM as stellar feedback ac-
celerates the dissolution of subhalos. Using the ‘Latte’ sim-
ulation (Wetzel et al. 2016), which is part of FIRE, the au-
thors predict that Milky Way-like galaxies should have 50%
the number of subhalos within 100 kpc than predicted by
ΛCDM due to baryonic physics. This factor drops to 20%
within 25 kpc and zero within 15 kpc for subhalos with
masses greater than 3×106M. It is important to note that in
the Latte simulation, dark and baryonic mass particles have
masses of 35, 000M and 7, 070M respectively and soften-
ing lengths of 20 pc and 4 pc, respectively. Furthermore,
only collections of dark matter particles with vmax greater
than 5 km s−1 are considered to be subhalos.
Garrison-Kimmel et al. (2017) further find that simi-
lar results can be obtained by simply embedding an ana-
lytic disk potential that grows with time in a dark matter-
only simulation. Motivated by this result, the ELVIS project
(Kelley et al. 2019) re-ran cosmological dark matter only
zoom-in simulations of Milky Way-like galaxies with an em-
bedded stellar disk, gaseous disk, and bulge component. In
the ELVIS suite of simulations, dark matter particles have
masses of 30, 000M and softening lengths of 37 pc. Kel-
ley et al. (2019) find that subhalos with small pericentres
are completely destroyed, suggesting no subhalos with max-
imum circular velocities (vmax) greater than 4.5 km s−1 (the
lower limit considered by (Kelley et al. 2019)) should exist
within 20 kpc of the Galactic centre and that the substruc-
ture fraction within 20 kpc has been low for the past 8 Gyr.
Thus, both the FIRE and ELVIS suites of simulations sug-
gest that dark-matter-only ΛCDM simulations overestimate
the amount of dark matter that exists as substructure in the
Milky Way by a significant amount.
The limiting factor of both the FIRE and ELVIS suites
of simulations is the resolution and softening length of their
dark matter particles, which are 3×104 M and 3.5×104 M
respectively. More specifically, a 3 × 106 M subhalo con-
sisting of 100 3 × 104 M dark matter particles will evolve
differently than a 3 × 106 M subhalo consisting of three
million 1M dark matter particles, because an increase in
the particle number increases the subhalo’s dissolution time
due to relaxation. Decreasing the softening length of dark
matter particles to match the decrease in their mass will
also increase the subhalo’s self gravity, allowing it to remain
bound for a longer time when subject to an external tidal
field (van den Bosch et al. 2018). Simulations by van den
Bosch & Ogiya (2018) found that when the mass resolution
of dark matter particles was increased and their softening
lengths were decreased, most subhalos survived in some ca-
pacity to reach a redshift of zero. The results of van den
Bosch & Ogiya (2018) therefore suggest that most cosmo-
logical simulations that are limited by the force and mass
resolution of their dark matter particles will overestimate
subhalo disruption rates. Complicating matters further is
that ΛCDM is but one model for dark matter, with warm
dark matter, self-interacting dark matter, and ’fuzzy’ dark
matter (among others) each yielding their own prediction
of how the dark matter substructure fraction behaves as a
function of galactocentric distance (e.g. Press et al. 1990; Hu
et al. 2000; Spergel & Steinhardt 2000; Vogelsberger et al.
2012; Elbert et al. 2015; Ludlow et al. 2016; Hui et al. 2017).
Observational searches for dark matter substructure,
which are centred around detecting dark matter through
its interactions with light and baryonic matter, have been
unable to strongly rule out any of the theoretical estimates
above. Gravitational lensing offers one method for constrain-
ing the properties of dark matter subhalos, because sub-
structure leads to anomalies in lensed objects that would
not occur if the gravitational lens itself was a smooth dis-
tribution of dark matter (Mao & Schneider 1998; Gilman
et al. 2020). Within the Milky Way, the properties of stellar
streams are commonly used to constrain the dark matter
substructure fraction in the Galaxy and the subhalo mass
function. With prominent stellar streams spanning tens of
degrees across the sky, they have a high encounter rate with
subhalos relative to other systems like star clusters. Inter-
actions with subhalos are predicted to lead to underdensi-
ties (Bovy et al. 2017) and perhaps spurs of stars (Bonaca
et al. 2019) along a stellar stream. Hence many studies have
used the detailed properties of stellar streams to estimate
the substructure fraction of the Milky Way and the subhalo
mass function (Yoon et al. 2011; Carlberg 2012; Erkal & Be-
lokurov 2015a,b; Bovy 2016; Carlberg 2016; Banik & Bovy
2019; Bonaca et al. 2019). Using the Pal 5 stream, Banik
& Bovy (2019) accounted for how baryonic and dark mat-
ter substructure would perturb the system and determined
that dark matter substructure was not needed to produce
the observed underdensities and overdensities. In a more re-
cent study, Banik et al. (2019) performed a similar analysis
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on both Pal 5 and the GD-1 stream and concluded that
a population of subhalos with masses between 107M and
109M are necessary to reproduce the observed properties
of both streams. More specifically, their results indicate that
the Milky Way contains approximately 20 to 40% as many
subhalos than predicted by dark-matter-only ΛCDM simu-
lations, which corresponds to a substructure fraction of 0.14
%. Given that both Pal 5 and GD-1 are within 20 kpc of the
Galactic centre, this substructure fraction estimate is higher
than the fraction predicted by the FIRE and ELVIS suite of
cosmological simulations.
The discrepancy between the observational constraints
on dark matter substructure in Banik et al. (2019) and the-
oretical predictions made by Garrison-Kimmel et al. (2017)
and Kelley et al. (2019) could potentially be alleviated by
increasing the mass solution and decreasing the softening
length of dark matter particles in the FIRE and ELVIS suites
of simulations. As previously discussed, such a change is ex-
pected to increase the dissolution time of individual subhalos
(van den Bosch et al. 2018; van den Bosch & Ogiya 2018).
van den Bosch & Ogiya (2018) finds that in order to accu-
rately model the evolution of a dark matter subhalo in an
external tidal field, such that its evolution is not affected by
discreteness noise due to poor mass resolution or inadequate
force softening, the following conditions must be satisfied:
fbound > 0.32(Nacc/1000)−0.8 (1)
and
fbound > 1.12
c1.26
f 2(c)
(

rs,0
)2
(2)
where fbound is the fraction of initial dark matter particles
still bound to the subhalo, Nacc is the number of particles in
the subhalo when it is first accreted by a central galaxy, c
is the NFW concentration parameter (Navarro et al. 1996),
rs,0 is the initial NFW scale radius, and  is the dark matter
particle softening length. f (c) is given in van den Bosch &
Ogiya (2018) to be ln(1+ c) − c/(1+ c). However, performing
cosmological zoom-in simulations of Milky Way-like galaxies
that meet these requirements would require a factor of 1000
increase in the number of dark matter particles if a 106M
subhalo is to be followed to 1% of its initial mass.
An alternative approach, which we pursue here, is to
simulate the evolution of individual subhalos in an external
field with an embedded stellar component. As previously
discussed, Garrison-Kimmel et al. (2017) found that treat-
ing the baryonic component of a galaxy as an embedded
analytic potential yielded similar dark subhalo populations
as more complex simulations that include baryonic particles,
indicating that the main baryonic effect on subhalo disrup-
tion is the stronger tidal field rather than details of stellar
feedback and other baryonic processes. Modelling individual
subhalos allows for very high mass resolution and small par-
ticle softening, with the only computational expense being
the number of subhalo simulations required to represent the
subhalo population of the Milky Way. This approach was
adopted by Errani et al. (2017), who performed high reso-
lution simulations of massive (M > 108 M) subhalos in an
external tidal field containing a disk. The authors find that
the presence of a disk results in a factor of two fewer subha-
los with rp < 20 kpc compared to a dark-matter only tidal
field, with cored subhalos being more easily disrupted than
cuspy subhalos . In this study, we focus on the evolution
of subhalos with masses down to 106 M in Milky Way-like
tidal fields.
At a redshift 0, the publicly available Via Lactea II
(VL2) simulation (Diemand et al. 2007, 2008) contains 8,247
subhalos within the virial radius rv = 295.6 kpc of the Milky
Way’s NFW halo (here we assume the Milky Way’s poten-
tial to be the MWPotential2014 model from (Bovy 2015)).
Only 6,591 of those have pericentres within 100 kpc of the
Galactic centre, which will be the subhalos that are primar-
ily responsible for disrupting stellar streams. Since subhalos
can be treated as collisionless systems, it is not computa-
tionally expensive to simulate the evolution of individual
subhalos from VL2 in external tidal fields with and without
an embedded stellar component using the criteria from van
den Bosch & Ogiya (2018). From these simulations, we will
be able to conclude whether or not ΛCDM overestimates the
substructure fraction of Milky Way-like galaxies and by how
much without dark matter particle resolution affecting the
result.
In Section 2 we describe our method for initializing and
simulating a large suite of dark matter subhalos in analytic
external fields with and without an embedded stellar com-
ponent. In Section 3 the results of the simulations are pre-
sented, with particular focus on how the mass and size of
individual subhalos evolve from their time of infall to red-
shift zero. We will directly compare subhalos simulated in
a dark matter only potential and a potential containing a
stellar bulge, stellar disk, and the same dark matter halo.
We further explore in Section 4 by how much ΛCDM over-
estimates the substructure of the Milky Way, trends that
exist between galactocentric distance and the substructure
fraction, subhalo mass, subhalo size, and the distribution
subhalo orbits. We summarize our findings in Section 6.
2 METHOD
2.1 Initial conditions from Via Lactea
The purpose of this study is to perform high resolution sim-
ulations of how dark matter subhalos evolve in potentials
with and without a stellar component to determine how in-
cluding a stellar component affects subhalo dissolution. In
setting up the initial conditions of our large suite of sim-
ulations, we make use of publicly available data from the
VL2 simulation (Diemand et al. 2007, 2008). The purpose
of the Via Lactea Project was to perform simulations of how
Milky Way-like dark matter halos form, which then provide
estimates of the present day distribution of subhalo posi-
tions, velocities, and masses. At a redshift of zero, there
exists 20,048 halos and subhalos in VL2 that have reached
a peak circular velocity larger than 4 km s−1 at some point
in the simulation. Smaller systems do exist but are poorly
resolved. The dark matter-only potential of the central host
Milky Way-like galaxy at redshift zero was also studied by
Diemand et al. (2008) and can be fit with either a cored
(Navarro et al. 2004) and a cusped dark matter density pro-
file (Diemand et al. 2004). While the evolutionary track of
each subhalo is provided, such that its properties at the time
it was accreted by the central galaxy are known, a direct re-
simulation of each individual subhalo in VL2 is not possible
MNRAS 000, 1–14 (2020)
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Figure 1. Semi-major axis and orbital eccentricity of VL2 sub-
halos to be re-simulated at high resolution, colour coded by their
infall time.
as the time evolution of the central halo’s potential is not an-
alytic (which we require in order to perform high resolutions
of individual subhalos). Furthermore, any re-simulations of
the VL2 could not be directly compared to observational
constraints placed on subhalos in the Milky Way as our
Galaxy’s dark matter halo is not exactly the same as the
central host in VL2. Therefore, as described in the following
subsections, slight modifications are made to the potential
and subhalos in VL2 in order to resimulate each subhalo in
an observationally-motivated Milky Way-like potential.
2.2 Gravitational potentials
The MWPotential2014 galaxy model from Bovy (2015) is
an observationally-motivated potential that accurately re-
flects the distribution of matter in the Milky Way. The
stellar components of the potential are a spherical power-
law bulge and a a Miyamoto & Nagai (1975) disc. The
dark matter component of the potential, which is an NFW
halo (Navarro et al. 1996) with a virial radius and mass
of 295.6 kpc and 8.8 × 1011 M (defined here as where the
mean density is 200 times the mean matter density, assum-
ing H0 = 70 km s−1Mpc−1 and Ωm = 0.3), is qualitatively sim-
ilar to the dark matter potential of the central host galaxy in
VL2. The best-fit cusped dark matter density profile (Die-
mand et al. 2004, 2008) to the central VL2 galaxy only needs
to be scaled by a factor of 1.27 in radius and 2 in mass in
order to be equal to the dark matter component of MWPo-
tential2014. By scaling the positions and velocities of sub-
halos in VL2 by 1.27, we can therefore initiate the subhalo
population that ΛCDM would predict to exist in MWPoten-
tial2014 and the dark-matter-only potential within which
we re-simulate subhalos is then the NFW potential from MW-
Potential2014 (hereafter referred to as the NFW model).
5 6 7 8 9 10
log10(Minfall)
0
200
400
600
800
1000
Figure 2. Distribution of the mass at infall of VL2 subhalos that
we re-simulate at high resolution.
High resolution simulations of subhalos in MWPotential2014
(hereafter referred to as the MW model) will then demon-
strate the effect that baryonic matter has on the evolution
of dark matter subhalos.
It is important to note that in both VL2 and ELVIS
(discussed above), both the dark matter halo and the stellar
component of the central galaxy grow over time. In the setup
described above, both components remain fixed in time. This
assumption is necessary as the potential of the central VL2
halo does not evolve evolve analytically with time. Only its
maximum circular velocity, radius of maximal circular ve-
locity, tidal radius rt , and mass within rt are given at earlier
times. Thus, our simulations of subhalos in the static NFW
model will slightly overestimate their dissolution rate with
respect to the ΛCDM expectation. However, the dissolution
of subhalos in the NFW model and the MW model will be
equally affected by the presence of the halo’s tidal field that
is constant in time, such that their relative differences will
reflect how the distribution of subhalos in the Milky Way
and their properties will differ from ΛCDM predictions in
the presence of a massive disk. Similarly, the disk’s mass
and radial profile is fixed and the disk’s tidal field at earlier
times is therefore somewhat larger than it should be in real-
ity; the effect of the disk on subhalo disruption will therefore
be overestimated, although by only a small amount as much
of the disruption happens at epochs when the disk’s mass is
mostly in place.
2.3 Subhalos
Given the positions and velocities of subhalos in VL2 at red-
shift zero, we first integrate their orbits using galpy 1 (Bovy
1 http://github.com/jobovy/galpy
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Figure 3. Mass of subhalos from the VL2 simulationl compared
to the same initial subhalo evolved in the NFW potential that
survive to reach a redshfit of zero.
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Figure 4. Top Panel: Mass of subhalos evolved in the NFW po-
tential compared to the same initial subhalo evolved in the MW
potential that survive to reach a redshfit of zero. The one-to-
one relation is given by the dashed line. Bottom Panel: Distri-
bution of subhalo masses at redshift zero in the MW potential
(blue), the NFW potential (orange) and in VL2 (green). Essen-
tially all subhalos lose more mass in the MW potential than in the
dark-matter-only NFW potential, with the distribution of subhalo
masses in the NFW potential matching the VL2 subhalo popula-
tion for M > 106M.
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Figure 5. Radius of maximal circular velocity versus maximum
circular velocity at infall (top panel) and redshift zero (bottom
panel) for resimulated VL2 subhalos. In the bottom pabel, subha-
los in the MW and NFW galaxy models are marked in blue and
orange respectively. The standard redshift zero CDM relation-
ship is illustrated as a dashed line. At infall subhalos are above
the z = 0 CDM relation and then evolve towards it, with the sub-
halos falling far below the z = 0 CDM relation being those that
are approaching full dissolution.
2015) in the cusped dark matter density profile that Die-
mand et al. (2008) fits to the central Milky Way-like halo.
The purpose of this integration is to determine each sub-
halo’s infall time, where we define infall time as the moment
when a subhalo’s distance from the Galactic centre becomes
equal to or less than its present day apocentre. The dis-
tance of each subhalo as a function of redshift is provided
by VL2, however it should be noted that we scale these dis-
tances based on how much the tidal radius of the central
host galaxy changes with redshift to account for the central
galaxy’s growth. Due to this additional scaling, we only con-
sider subhalos that have infall times less than or equal to a
redshift of 3. Prior to a redshift of 3 the central halo in VL2
is not consistently found by VL2’s halo finding scheme (Die-
mand et al. 2006, 2007). Determining each subhalo’s infall
time provides us with an estimate for how long each subhalo
as been evolving under the influence of the central galaxy’s
tidal field.
In order to properly re-simulate subhalos from VL2 in
the MW and NFW potential models, it is necessary to scale
their positions and velocities in VL2 at redshift zero by a
factor of 1.27. As discussed above, this scaling is necessary
to account for the slight difference between the cusped dark
matter density profile fit to the central Milky Way-like halo
potential in VL2 and the NFW-halo dark matter compo-
nent of MWPotential2014. The scaling ensures that the dis-
tribution of subhalo orbital properties, like pericentre and
semi-major axis, are conserved.
MNRAS 000, 1–14 (2020)
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Figure 6. Ratio of the mass in the MW potential to that in the NFW potential for subhalos that survive to reach a redshfit of zero
compared to their pericentres (left), maximum heights above the disc (centre), and orbital eccentricity (right) in the NFW potential.
Subhalos on orbits with smaller pericentres, with smaller zmax, and larger eccentricities typically lose more mass in the MW potential
than those with larger pericentres and zmax and smaller eccentricities.
Because we are primarily concerned with comparing the
distribution of subhalo properties in our simulations to ob-
servational constraints placed on subhalos in the Milky Way
using stellar streams, it is not necessary to perform a high
resolution simulation of every subhalo in VL2. We specifi-
cally only want to consider subhalos that:
• are associated with the central Milky Way-like halo in
VL2
• do not overlap with another subhalo
• have pericentres within 100 kpc of the model galaxy’s
virial radius
• reach their current orbit after a redshift of 3
Subhalos with negative values of rmax at infall, which is an
indication that they overlapped with a different, larger halo,
can be ignored. Additionally, subhalos with pericentres be-
yond 100 kpc are not considered as they will have a negligible
effect on the evolution of observed stellar streams. As dis-
cussed above the central Milky Way-like halo in VL2 does
not form until a redshift of 3, hence modelling the evolution
of subhalos with infall redshifts greater than 3 is unneces-
sary.
Combing all four of the above factors, we only end up
resimulating the evolution of 6,591 subhalos from their infall
time to present day in both the NFW and MW galaxy mod-
els. The exact NFW density profile of each subhalo at infall is
set by its scale radius rs, tidal radius rt , and the mass within
the tidal radius Mt as given by VL2. Note that the central
density ρs and rs are calculated as ρs = vmax/[1.64rs]2/G and
rs = rmax/2.16258 (Bullock et al. 2001) as VL2 only provides
vmax and rmax.
Each subhalo is initialized using the mkhalo routine in
NEMO (Teuben 1995; McMillan & Dehnen 2007) with a trun-
cation factor equal to 2/(sech(r/rt ) + 1/sech(r/rt )). Note that
since mkhalo generates stars out to 10rt , the mass within 10rt
is used for the mass parameter to ensure the mass within rt
is equal to Mt . The number of particles and softening length
of the particles are set to satisfy Equations (1) and (2) as-
suming we want to resolve each subhalos evolution down to
1% of its initial mass. Softening lengths are typically on the
order of 0.1 pc and dark matter particles have masses on the
order of 10M. The initial position and velocity of each sub-
halo are set equal to their scaled redshift zero coordinates
in VL2 as we are only interested in how subhalos evolve as
a function of orbit.
The initial position and mass at infall of all simulated
subhalos are illustrated in Figures 1 and 2, with the initial
subhalo mass function having a power-law slope of ≈ −1.6
for subhalos between 104.7 and 109.4 M. Given that the
mass function should increase with decreasing mass, Figure
2 further illustrates that the VL2 subhalo population is in-
complete below 106M. Note here, initial mass means every
subhalo’s mass at its respective infall time. At redshift zero,
CDM predicts the slope of the mass function to be ≈ −1.9
(e.g., Springel et al. 2008).
Once initialized, each subhalo is then evolved for a time
equal to the difference between their infall time and the
present day in both the NFW and MW galaxy models us-
ing the GYRFALCON N-body code (Dehnen 2000, 2002) within
NEMO (Teuben 1995). At each time step, we estimate the
limiting radius of each subhalo by determining where the
subhalo’s density profile equals the local density of the ex-
ternal tidal field. We then consider the subhalo to be all
mass within the limiting radius, with any particles beyond
the limiting radius assumed to no longer be part of the sub-
halo.
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shfit of zero for different mass ranges. Between 106 and 107.5 M
the effect of the baryonic disk and bulge on the mass function is
about 50 to 75%, with no dependence on mass. The mean ratio
for subhalos between 106 and 107 M is ∼ 65% and marked as a
horizontal dashed line.
3 EVOLUTION OF INDIVIDUAL SUBHALOS
The key metric for comparing our high-resolution simula-
tions of subhalos evolving in an NFW dark-matter-only po-
tential and a realistic MW potential to the evolution of sub-
halos in VL2 is subhalo mass. The mass loss history of each
subhalo in the NFW potential will be slightly different than
subhalos in VL2 for two reseason. First, the subhalos are
being simulated with much higher mass resolution, which
results in subhalos being significantly more difficult to dis-
rupt via external tides (van den Bosch et al. 2018; van den
Bosch & Ogiya 2018). Second, the NFW potential in our
simulations remains constant with time while in VL2 the
central halo is built up via hierarchical formation. This sec-
ond point alone would lead to a higher subhalo disruption
rate as subhalos will be subjected to a stronger mean tidal
field over the course of their entire orbit. The combined ef-
fect of these two factors is illustrated in Figure 3, where we
compare the redshift zero masses of our simulated subha-
los to those in VL2. While to first order the two masses are
equal, there is significant scatter about the 1:1 relation, with
520 of the 6,591 subhalos completely dissolving in the NFW
potential.
Regardless of the net effect created by these two com-
peting factors, comparing the mass loss history of each sub-
halo in the NFW potential to those on the same orbit in the
MW potential will illustrate how including an axisymmet-
ric stellar component in the external tidal field will affect
subhalo evolution. In the MW potential, an additional 1,830
subhalos reach complete dissolution. Of the subhalos that
survive to reach redshift zero in both models, their masses
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Figure 8. Like Figure 7, but breaking up the subhalo popula-
tion into different galactocentric radii (top) and pericentric radii
(bottom). Within 100 kpc, the baryonic suppression of the mass
function is about 50%. The abundance of subhalos with pericen-
tres close to the disk and bulge is more strongly suppressed than
that of subhalos that remain further away, with a suppression
of the subhalo mass function to only 30% of the subhalo abun-
dance in the dark-matter-only NFW potential for subhalos with
rp . 15 kpc and 50% for subhalos with 15 kpc . rp . 30 kpc. The
abundance of subhalos that do not venture near the disk or bulge
is about 70% of that in the NFW potential.
are compared in the top panel of Figure 4. The bottom panel
illustrates the distribution of subhalo masses for each pop-
ulation, with the redshift zero masses of VL2 subhalos in
Figure 3 also being shown for illustrative purposes. Differ-
ences in the dissolution rates of individual subhalos can be
attributed to the MW tides being stronger than those in
the dark-matter-only NFW potential due to the additional
stellar component. Taking into consideration the orbital pa-
rameters of each subhalo in Figure 6, subhalos in MW with
smaller pericentres rp are more strongly affected by the pres-
ence of the disk and therefore disrupt faster. It should be
noted that 41 clusters have MMW/MNFW > 1, however these
are all clusters with galactocentric distances larger than 300
kpc. Hence their mass ratio being greater than one can sim-
ply be attributed to differences in their orbits caused by the
additional stellar component increasing the total mass of the
galaxy model. The minimum pericentre of these subhalos is
55 kpc in the MW model and 59 kpc in the NFW model,
such that direct interactions between the subhalos and the
additional stellar component are not a factor.
Given that subhalos reach dissolution faster in the MW
potential than in the NFW potential, especially subhalos
with orbits that bring them within the Galactic disk and
bulge, how the structural evolution of subhalos may depend
on the properties of the host galaxy is also of interest. Figure
5 directly compares the radius of maximum circular velocity
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and maximum circular velocity at redshift zero for subhalos
in the MW and NFW potentials, where the standard predic-
tion from CDM from Dutton & Maccio` (2014) is also illus-
trated. Our simulations indicate that, as expected, subhalos
in the NFW potential evolve from their rmax and vmax at in-
fall towards the relationship predicted by CDM (see Figure
5). In general, as subhalos lose mass vmax decreases while
rmax stays relatively constant. Hence the shape of the den-
sity profile of individual subhalos undergoes little evolution,
similar to work by Drakos et al. (2020) on tidally-stripped
halos. Similar to the evolution of subhalo masses, there is
some scatter about the predicted CDM relationship due to
our increased mass resolution and static external potential.
The lowest mass subhalos also appear to be a minor excep-
tion to this rule, as they appear to expand as they lose mass.
This expansion is likely a result of the subhalos approaching
complete dissolution, which also explains the small subset of
subhalos in the NFW potential that are far below the pre-
dicted CDM relationship with values of vmax that are much
lower than CDM would predict given their rmax.
Figure 5 also illustrates that subhalos that evolve in the
MW potential have, on average, lower values of vmax than
subhalos that evolve in the NFW potential. Thus, including
the bulge and disk results in the subhalos being, on average,
less dense than what dark-matter only simulations would
suggest. This finding is consistent with subhalos in the MW
potential being more easily disrupted.
4 EVOLUTION OF THE SUBHALO
POPULATION
Re-simulating the evolution of VL2 dark matter subhalos
with an increased number of particles and decreased soft-
ening length in an NFW galaxy model leads to a distribu-
tion of subhalo masses at redshift zero that is comparable
to VL2. However when a baryonic component is included,
namely a bulge and disk, the dissolution rate of individual
subhalos increases as we saw in the previous section. The in-
crease can be attributed to both the overall tidal field being
stronger and the presence of an axisymmetric component
that can shock subhalos that pass through it. We therefore
expect that the standard CDM model, refined through cos-
mological dark matter-only simulations, overestimates the
substructure content of Milky Way-like galaxies. In the fol-
lowing subsections, we study the effect of the baryonic com-
ponent on the population of subhalos, in particular focusing
on the effect on the overall mass function, on the internal
structure of the subhalos, and on the subhalos’ orbital dis-
tribution function.
4.1 Mass
Figure 7 shows the subhalo mass function of all surviving
subhalos with masses between 106 M and 107.5M in the
NFW and MW galaxy models at redshift zero. We purpose-
fully ignore the mass function below 106M as VL2 is incom-
plete below this limit (see Figure 2). Subhalos with masses
greater than 107.5M are also ignored as there are very few of
them, such that several realizations of their evolution would
need to be simulated in order to accurately estimate the
high-mass end of the subhalo mass function. Comparing the
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Figure 9. Mean relation between the radius of maximal circu-
lar velocity versus maximum circular velocity as a function of
lookback time (from 8 Gyr ago to present day for resimulated
VL2 subhalos in the MW (left) and NFW (right) galaxy models.
The standard redshift zero CDM relationship is illustrated as a
dashed line. In the Milky Way model, subhalos evolve to have
lower density than in the dark-matter-only NFW model.
mass functions of subhalos in both galaxy models, the MW
population has fewer subhalos than the NFW potential, as
expected from the trend in Figure 4. For subhalo masses be-
low 107.5 M, the MW potential typically has between 50%
and 75% the number of subhalos as the NFW potential. The
mean ratio for subhalos between 106 and 107 M is ∼ 65%.
Looking at the mass function ratios at different galac-
tocentric radii r in Figure 8 reveals that the conclusion of
the MW potential having between 50% and 75% the num-
ber of subhalos as the NFW potential is true within 100
kpc of the galactic centre. However beyond 50 kpc, where
the effects of the bulge and disk are much weaker, the fac-
tor is closer to 80%. To first order it is perhaps surprising
that trend with galactocentric distance is not stronger, as
the effects of the bulge and disk are significantly stronger
within 10 kpc. However it is important to remember that
the distribution of subhalo orbits results in many subhalos
being located at galactocentric distances that do not reflect
the mean or maximum tidal field that they are exposed to.
The starkest manifestation of this is the fact that subhalos
with r > 85 kpc have a mean mass function ratio of ∼ 60%,
comparable to subhalos with r > 50 kpc. This similarity,
and reversal of the trend that mean mass ratio increases
with r is due to the orbital anisotropy profile of the sub-
halo population. The outermost subhalos (r > 85 kpc) have
a higher degree of radial anisotropy, and therefore a lower
median pericentre distance, than subhalos with 70 < r > 85
kpc. Hence the outer clusters experience a stronger maxi-
mum and mean tidal field and lose more mass. We discuss
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Figure 10. Radius of maximal circular velocity versus maximum circular velocity as a function of time (from 8 Gyr ago to present day
(0 Gyr)) for resimulated VL2 subhalos with different pericentric radii(Left: rp < 40 kpc, Middle: 40 < rp < 70 kpc, Top: 70 < rp < 100
kpc) . Top panels illustrate subhalos evolving in the NFW model and bottom panels illustrate subhalos evolving in the MW model. The
standard redshift zero CDM relationship is illustrated as a dashed line.
the orbital anisotropy profile of subhalos in more detail in
Section 4.3 below.
To better take into account the maximum tidal field
that subhalos are subjected to, the bottom panel of Figure 8
breaks up the subhalo population by pericentric radius in-
stead. Now a much clearer trend emerges. Subhalos in the
MW potential model with small pericentres are disrupted
at a faster rate than in the NFW potential model, resulting
in the ratio of number of subhalos in the MW potential to
number of subhalos in the NFW potential to be approxi-
mately 30% across the full mass spectrum that we consider.
For clusters with larger pericentres that keep them relatively
far from the bulge and disk, the ratio is approximately 70%
across the full mass spectrum.
4.2 Structure
In order to understand the evolution of the subhalo system
as a whole, the mean relationship between rmax and vmax of
subhalos in each galaxy model at different lookback times
is shown in Figure 9. When considering this figure it is im-
portant to note that subhalos have a range of infall times
(see Figure 1), such that at a given time there can be a sig-
nificant fraction of subhalos that have only recently fallen
into the galaxy and have undergone little evolution. Figure
9 reveals that in the NFW potential the mean relationship
between rmax and vmax does not stray far from the predicted
CDM relationship, with a very gradual decrease in the vmax
over time. Only after 8 Gyr does the dissolution of low mass
subhalos, which causes rmax to increase as vmax decreases, be-
gin to affect the mean relationship between rmax and vmax.
Conversely, due to the higher disruption rate experienced
by sub-halos in the MW potential, subhalos over the entire
range of vmax are less massive than CDM would predict given
their rmax.
Next we explore how differences between the structural
evolution of subhalos in the MW and NFW potentials may
also depend on their location and orbit in the galaxy. We ini-
tially find the relationship between rmax and vmax of subhalos
in each galaxy model at different times and at different lo-
cations in the galaxy. More precisely, subhalos are separated
based on their current position in the Milky Way and the
evolution of the mean relationship between rmax and vmax
is considered at different times. However, similar to Figure
8, there is no strong relationship between the dissolution of
subhalos and their current galactocentric radius.
If we again instead consider the relationship between
rmax and vmax of subhalos in each galaxy model at different
times and for subhalos with different pericentres, a trend is
revealed. Figure 10 demonstrates that while the structural
properties of most subhalos in both the NFW and MW po-
tentials are in agreement with predictions from CDM, sub-
halos with pericentres that bring them within 40 kpc have
values of vmax that are much lower than CDM would predict
given their rmax. Hence interactions with the disk and bulge
are causing subhalos to lose mass at a near constant rmax.
4.3 Subhalo orbit distribution
Finally, we examine the orbital anisotropy of the surviv-
ing subhalo population in each galaxy model. More specif-
ically we investigate how the orbital anisotropy parameter
β changes as a function of instantaneous galactocentric ra-
dius r. Figure 11 illustrates that while the distribution of
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Figure 11. Orbital anisotropy profile of resimulated VL2 subha-
los that survive until a redshift zero in the MW and NFW galaxy
potentials. The profile of all subhalos at infall are marked is a
dotted line. Within 40 kpc, the subhalo distribution is much more
tangentially anisotropic in the MW potential due to the prefer-
ential disruption of subhalos on radial orbits by the bulge and
disk.
subhalo orbits at infall is relatively isotropic, the dissolution
of inner region subhalos in both galaxy models leads to a
tangential bias. Essentially inner region subhalos with ec-
centric orbits that bring them deep into the potential well
of the galaxy quickly reach dissolution. The effect is less
dramatic in the NFW model, with β starting at −1 in the
innermost regions of the galaxy and slowly climbing to being
isotropic or slightly radially anisotropic in the outer regions
of the galaxy. The difference between the infall anisotropy
profile and the redshift zero profile in the NFW model is
due to the combined effects of modelling the subhalos with
higher resolution and having a static external tidal field. In
the MW model, however, a wider range of inner region sub-
halos reach dissolution due to interactions with the bulge
and disk. Hence β starts at a much lower values (−3) and is
fairly low out to 40 kpc. Beyond 40 kpc, it appears that the
effect of the bulge and disk on subhalo evolution is dimin-
ished and the anisotropy profile more closely resembles that
of the NFW potential, albeit still being somewhat more tan-
gential. That the orbital distribution of surviving subhalos
is highly tangential is because of the preferential disruption
of subhalos on radial orbits by the bulge and disk.
5 DISCUSSION
5.1 Comparison to cosmological simulations
This work marks the largest suite of high-resolution simu-
lations of subhalo evolution in tidal fields containing dark
matter-only and containing dark matter with an axisym-
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Figure 12. Ratio of number of subhalos in the MW potential
to number of subhalos in dark-matter-only NFW potential as a
function of galactocentric distance at redshfit of zero for subhalos
with masses between 106 and 107.5 M in this work (Webb &
Bovy) compared to results from several previous studies. This
study predicts a higher NMW/NNFW than previous works at all
galactocentric radii.
metric baryonic component to date. These simulations can
be directly compared to lower resolution hydrodynamic cos-
mological simulations of galaxy formation to determine how
poorer resolution affects estimates of how including baryonic
matter influence the evolution of subhalos. Several studies
discussed in Section 1 provide estimates for the ratio of the
number of subhalos that survive to a redshift of zero in a
Milky Way-like tidal field to the number that survive in a
dark-matter only tidal field (NMW/NNFW). In order to evalu-
ate how the results of this study compare to these works, it
is necessary to first compare the mass resolution, softening
length, and mass range used in each study.
As shown in Table 1, hydrodynamical cosmological sim-
ulations typically set the mass of individual dark matter par-
ticles to be between 104 and 106 M with softening lengths
on the order of 10 to 100 pc. It is important to note that
Wetzel et al. (2016) and Kelley et al. (2019) provide their
sub-halo range in terms of vmax, for which we approximate
a mass given the vmax and masses of subhalos in VL2. Our
simulations, also listed in Table 1, have a mass resolution
1000 × better than these large-scale simulations and soften-
ing lengths that are 10 to 100 × smaller. Our choice of dark
matter particle mass and softening length follow the criteria
of van den Bosch & Ogiya (2018) for evolving a subhalo to
1% its an initial mass.
Each of the studies listed in Table 1 provide estimates
for NMW/NNFW over different radial ranges, which are il-
lustrated in Figure 12. It is important to note that each
study considers a slightly different range of subhalo masses
when calculating NMW/NNFW, so a direct comparison is not
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Reference MDM Softening Length Mass Range
M pc M
D’Onghia et al. (2010) 5.5 × 105 h−1 200h−1 > 107
Wetzel et al. (2016) (FIRE) 3.5 × 104 20 106 to 1010
Sawala et al. (2017) (APOSTLE) 5.0 × 104,5.9 × 105,7.5 × 106 134, 307, 711 106.5 to 108.5
Kelley et al. (2019) (ELVIS) 3 × 104 37 105.5 to 1010
Richings et al. (2020) (AURIGA) 104 180 106.5 to 108.5
This Work (Webb & Bovy 2020) O(10) O(1) 106 to 107.5
Table 1. The dark matter particle mass MDM and softening length used in different cosmological simulations of galaxy formation that
include dark and baryonic matter as well as the mass range over which the author’s provide the equivalent of our NMW/NNFW mass-
function suppression factor. For reference purposes, the parameters used in this work are also provided where subhalos are simulated
individually in an external tidal field containing dark and baryonic matter.
entirely straightforward. For comparison purposes, the con-
straint placed on NMW/NNFW by Banik et al. (2019) within
the orbits of the GD-1 and Pal 5 streams is illustrated in
Figure 12. In total we find that ΛCDM overestimates the
number of subhalos in the galaxy by a factor of ∼ 65% at all
radii, while cosmological simulations estimate a much higher
substructure disruption rate due to baryonic physics. The
discrepancy is larger in the inner regions of the galaxy model
due to the baryonic disk being significantly more denser than
in the outer parts of the galaxy model.
The study with the smallest discrepancy with our work
in the inner regions is D’Onghia et al. (2010), which at first
is surprising given their large dark matter particle mass and
softening length. However taking into consideration that this
study focuses on higher mass subhalos only, the lack of sub-
halo disruption is understandable as high mass subhalos will
have longer dissolution times than low-mass subhalos. The
simulations with the largest discrepancy from our work are
FIRE and ELVIS. Wetzel et al. (2016) finds there to be no
subhalos within 15 kpc of the Galactic centre in the FIRE
simulations while Kelley et al. (2019) finds a factor of 5
fewer subhalos in the inner regions of the ELVIS simula-
tions. Other works estimate closer to a factor of between 2
to 3 fewer subhalos than this work. Some discrepancy is ex-
pected, since our galaxy model is static with time while in
cosmological simulations the galaxy grows with time. How-
ever not accounting for galaxy growth should result in our
study overestimating subhalo disruption, which is the oppo-
site of what we find when comparing our work to cosmolog-
ical simulations.
In the outer regions of the galaxy models, where bary-
onic physics is less important, we are in closer agreement (∼<
5%) with cosmological simulations like FIRE and ELVIS.
However we still predict a factor of 2-3 more subhalos than
APOSTLE or AURIGA. The overarching trend in the outer
regions, where baryonic physics is less of a factor, is that cos-
mological simulations with lower mass resolution and larger
softening lengths estimate higher subhalo disruption rates
than our high-resolution simulations, in agreement with van
den Bosch et al. (2018) and van den Bosch & Ogiya (2018).
In order to confirm the above statement about lower
mass resolution and larger softening lengths leading to
higher subhalo disruption rates we re-simulate a subset of
our high-resolution subhalos with the mass resolution and
softening lengths of the FIRE simulations (which we label
as being low-resolution). More specifically, we randomly se-
lected 300 subhalos with initial masses greater than 106M
for re-simulation and compare the results to our initial high-
resolution simulations. Below 106M, low-resolution subha-
los are initially made up of less than 100 dark matter partlces
and dissolve almost immediately.
The average mass evolution Mlow−res of subhalos with
different intial masses simulated using the dark matter par-
ticle mass and softening length of the FIRE simulations,
normalized by the mass evolution of the same subhalo in
our high-resolution simulations Mhigh−res, are illustrated in
Figure 13. The average mass evolution is found by binning
the simulations based on initial sub-halo mass and then de-
termining the average ratio of Mlow−res/Mhigh−res as a func-
tion of time. As expected, subhalos experiences a higher
mass loss rate when evolved with parameters from FIRE.
For subhalos with initial masses greater than or equal to
107M, the low-resolution simulations can differ from the
high-resolution simulations by up to 60% over the course
of their lifetimes. For subhalos with initial masses less than
107 M, low-resolution subhalos are able to dissolve com-
pletely while high resolution subhalos remain in-tact. Hence
the differences in predicted values of NMW/NNFW between
our work and cosmological simulations can be attributed to
the significant differences in resolution.
5.2 Implications for subhalo searches
We predict nearly a factor of two fewer subhalos in a Milky
Way-like galaxy model than the standard ΛCDM cosmolog-
ical model. The immediate implication of this conclusion is
that studies focused on detecting subhalos will have lower
detection rates than naively expected from dark-matter-only
CDM predictions. For example, interaction rates between
stellar streams and subhalos and substructure fractions in
gravitational lenses will be significantly smaller than those
estimated using ΛCDM.
We predict a factor of two fewer subhalos in a Milky-
Way like galaxy with little dependence on subhalo mass or
present-day galactocentric radius (despite a strong depen-
dence on pericentre radius, washed out because of the mix
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Figure 13. Ratio of total subhalo mass when simulating using
the dark matter particle masses and softening lengths of the FIRE
simulations (low-res) to the total mass of the same subhalo sim-
ulating in this work (high-res). High dark matter particle masses
and larger softening lengths in the low-resolution simulation lead
to higher mass-loss rates and artificially shorter subhalo dissolu-
tion times.
of different pericentres at any given radius). Thus, subhalo
abundance measurements like those of Banik et al. (2019)
should find a suppressed mass function at all radii. It is inter-
esting to note that we predict a factor of two more subhalos
in a Milky Way-like galaxy model than the observational
constraint of Banik et al. (2019), who uses the GD-1 and
Pal5 streams to estimate 0.2 < NMW/NNFW < 0.4. In fact
the works of D’Onghia et al. (2010) and Sawala et al. (2017)
are in better agreement with Banik et al. (2019). However,
this apparent agreement is likely coincidental as these stud-
ies focus on slightly higher mass subhalos than Banik et al.
(2019) and are affected by accelerated subhalo disruption
rates due to poor mass resolution and force softening (see
above).
Several factors known to disrupt globular clusters, like
tidal shocks due to baryonic substructure (Gieles et al. 2006,
2007, e.g) and galaxy growth via hierarchical mergers (Krui-
jssen et al. 2011, e.g), are not considered here. Subhalo-
subhalo interactions, while shown to have a minor effect on
cluster evolution (Webb et al. 2019), may also prove cru-
cial to subhalo evolution, because subhalos are significant
more extended than globular clusters (and therefore have
a larger interaction cross-section). While Garrison-Kimmel
et al. (2017) concluded that subhalo evolution was similar
in galaxy models where the baryonic component was either
analytic or made up of live baryonic particles, if subhalo dis-
solution is dominated by their mass resolution and softening
length, it is possible the importance of a more detailed bary-
onic potential was suppressed. Including these additional
factors may minimize the factor of two difference between
our work and Banik et al. (2019).
Dark matter substructure detection via gravitational
lensing will also be affected by tidal disruption, although less
than estimated here, because strong gravitational-lensing
studies typically focus on elliptical galaxies, with a weaker
baryonic tidal field (e.g., Gilman et al. 2020). Additionally,
gravitational lensing is sensitive to substructure along the
line of sight that is unassociated with galaxies (and thus,
likely unsuppressed) and is affected by subhalos within the
entire line-of-sight cylinder through the lens, whose volume
is dominated by large galactocentric radii. Thus, for gravi-
tational lenses we expect NMW/NNFW > 0.65. However, reso-
lution effects may affect the estimated tidal-disruption rate
in strong gravitational lenses and similar studies such as the
one performed here may be warranted for making detailed
predictions for the expected CDM substructure fraction in
gravitational lenses.
6 CONCLUSION
Through a large suite of high-resolution dark matter subhalo
simulations, we explore how subhalos evolve in galaxy mod-
els with and without a stellar bulge and an axisymmetric
stellar disk. For each individual subhalo, the dark matter
subhalo mass and softening length are set so the dissolu-
tion of the subhalo can be followed down to 1% of its initial
mass. These simulations suggest that including a baryonic
componenent in the external tidal field leads to more sub-
halo dissolution overall, with surviving subhalos typically be
less massive than if they evolved in a dark matter-only tidal
field.
Based on our suite of simulations, we predict that not
including the effects of baryonic matter results in ΛCDM
overestimating the number of subhalos within the Milky
Way’s virial radius by a factor of ≈ 1.6, independent of
galactocentric distance (that is, the expected subhalo mass
function is ≈ 65% of that predicted from dark-matter-only
simulations). Taking into consideration each subhalo’s or-
bit, subhalos with small pericentres that bring them close to
the bulge or axisymmetric disk are more strongly affected
than subhalos that orbit primarily in the outer regions of
the galaxy. More specifically, the number of surviving sub-
halos with pericentres less than 40 kpc in the MW model is
40% of what is found in the NFW model. For subhalos with
larger pericentres, the ratio is only 70 to 80%, because there
is minimal interaction between outer subhalos and baryonic
matter.
Given how strongly including axisymmetric stellar com-
ponents in the external potential affects subhalo evolution,
we also expect the surviving subhalo population to have dif-
ferent structural and orbital properties. Looking closer at the
structural properties of the surviving subhalos, we find that
subhalos that evolve in a realistic, Milky Way-like poten-
tial have a lower density because the shape of their density
profile remains constant while they lose mass. Surviving sub-
halos also have a strong orbital anisotropy gradient. More
specifically, inner subhalos only survive to reach a redshift
of zero if their orbits are primarily circular such that they
are not brought deep into the central regions of the galaxy.
Hence we find inner subhalos to be tangentially anisotropic
MNRAS 000, 1–14 (2020)
Dark Matter Subhalo Evolution 13
while outer subhalos, which are only weakly affected by in-
cluding an axisymmetric stellar component in the external
potential, have an isotropic distribution of orbits.
When comparing to previous large-scale cosmological
simulations like FIRE and ELVIS, we predict factors of be-
tween 2 and 5 more subhalos in the inner regions of Milky
Way-like galaxies than these simulations claim. In the outer
regions of the galaxy models, where the baryonic compo-
nents of the potential are weak, we are in much closer agree-
ment with these large-scale simulations. We confirm that dis-
crepancies between our high-resolution simulations of sub-
halo evolution and previous estimates from large-scale cos-
mological simulations can be attributed to the higher dark
matter particle mass and longer softening lengths used in
these simulations leading to accelerated dissolution times
(see van den Bosch et al. 2018 and van den Bosch & Ogiya
2018 for a thorough investigation of this issue).
When comparing to observations, we also estimate there
to be more subhalos in Milky Way-like galaxies than Banik
et al. (2019) predicts using the GD-1 and Pal 5 streams,
by a factor of between ∼ 1.4 and 1.8. Given that GD-1 and
Pal 5 have Galacotocentric distances of ∼ 14 kpc and ∼ 18.5
kpc respectively, it is worth noting that Banik et al. (2019)’s
estimate is consistent with the behaviour of subhalos in our
simulations with pericentres less than 25 kpc.
Ultimately, we conclude that including the effects of
baryonic matter is necessary when estimating how subhalos
evolve in Milky Way-like galaxies. Furthermore, dark matter
particle masses that are too high or softening lengths that
are too large can lead to the dissolution of individual subha-
los being artificially accelerated. Only when both these fac-
tors are considered can the properties of dark matter subhalo
populations in simulations be compared to observations. The
next step will be to consider whether or not a non-static ex-
ternal tidal field could potentially minimize the gap between
theoretical and observational constrains placed on dark mat-
ter substructure. Such a step is an important one to make
given recent advancements in stream finding and gravita-
tional lensing studies, both of which are commonly used to
indirectly measure the presence and properties of dark mat-
ter substructure.
ACKNOWLEDGEMENTS
JB acknowledges financial support from NSERC (funding
reference number RGPIN-2015-05235) and an Ontario Early
Researcher Award (ER16-12-061).
REFERENCES
Banik N., Bovy J., 2019, MNRAS, 484, 2009
Banik N., Bovy J., Bertone G., Erkal D., de Boer T. J. L., 2019,
arXiv e-prints, p. arXiv:1911.02662
Bonaca A., Hogg D. W., Price-Whelan A. M., Conroy C., 2019,
ApJ, 880, 38
Bovy J., 2015, ApJS, 216, 29
Bovy J., 2016, Phys. Rev. Lett., 116, 121301
Bovy J., Erkal D., Sanders J. L., 2017, MNRAS, 466, 628
Bullock J. S., Kravtsov A. V., Weinberg D. H., 2000, ApJ, 539,
517
Bullock J. S., Kolatt T. S., Sigad Y., Somerville R. S., Kravtsov
A. V., Klypin A. A., Primack J. R., Dekel A., 2001, MNRAS,
321, 559
Carlberg R. G., 2012, ApJ, 748, 20
Carlberg R. G., 2016, ApJ, 820, 45
D’Onghia E., Springel V., Hernquist L., Keres D., 2010, ApJ, 709,
1138
Dehnen W., 2000, ApJ, 536, L39
Dehnen W., 2002, Journal of Computational Physics, 179, 27
Diemand J., Moore B., Stadel J., 2004, MNRAS, 353, 624
Diemand J., Kuhlen M., Madau P., 2006, ApJ, 649, 1
Diemand J., Kuhlen M., Madau P., 2007, ApJ, 667, 859
Diemand J., Kuhlen M., Madau P., Zemp M., Moore B., Potter
D., Stadel J., 2008, Nature, 454, 735
Drakos N. E., Taylor J. E., Benson A. J., 2020, MNRAS, 494, 378
Dutton A. A., Maccio` A. V., 2014, MNRAS, 441, 3359
Elbert O. D., Bullock J. S., Garrison-Kimmel S., Rocha M.,
On˜orbe J., Peter A. H. G., 2015, MNRAS, 453, 29
Erkal D., Belokurov V., 2015a, MNRAS, 450, 1136
Erkal D., Belokurov V., 2015b, MNRAS, 454, 3542
Errani R., Pen˜arrubia J., Laporte C. F. P., Go´mez F. A., 2017,
MNRAS, 465, L59
Garrison-Kimmel S., et al., 2017, MNRAS, 471, 1709
Ghigna S., Moore B., Governato F., Lake G., Quinn T., Stadel
J., 1998, MNRAS, 300, 146
Gieles M., Portegies Zwart S. F., Baumgardt H., Athanassoula
E., Lamers H. J. G. L. M., Sipior M., Leenaarts J., 2006,
MNRAS, 371, 793
Gieles M., Athanassoula E., Portegies Zwart S. F., 2007, MNRAS,
376, 809
Gilman D., Birrer S., Nierenberg A., Treu T., Du X., Benson A.,
2020, MNRAS, 491, 6077
Gnedin O. Y., Ostriker J. P., 1997, ApJ, 474, 223
Hu W., Barkana R., Gruzinov A., 2000, Phys. Rev. Lett., 85, 1158
Hui L., Ostriker J. P., Tremaine S., Witten E., 2017, Phys. Rev. D,
95, 043541
Kelley T., Bullock J. S., Garrison-Kimmel S., Boylan-Kolchin M.,
Pawlowski M. S., Graus A. S., 2019, MNRAS, 487, 4409
Klypin A., Kravtsov A. V., Valenzuela O., Prada F., 1999, ApJ,
522, 82
Koposov S. E., Yoo J., Rix H.-W., Weinberg D. H., Maccio` A. V.,
Escude´ J. M., 2009, ApJ, 696, 2179
Kruijssen J. M. D., Pelupessy F. I., Lamers H. J. G. L. M., Porte-
gies Zwart S. F., Icke V., 2011, MNRAS, 414, 1339
Ludlow A. D., Bose S., Angulo R. E., Wang L., Hellwing W. A.,
Navarro J. F., Cole S., Frenk C. S., 2016, MNRAS, 460, 1214
Mao S., Schneider P., 1998, MNRAS, 295, 587
McMillan P. J., Dehnen W., 2007, MNRAS, 378, 541
Miyamoto M., Nagai R., 1975, PASJ, 27, 533
Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel
J., Tozzi P., 1999, ApJ, 524, L19
Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563
Navarro J. F., et al., 2004, MNRAS, 349, 1039
Press W. H., Ryden B. S., Spergel D. N., 1990, Phys. Rev. Lett.,
64, 1084
Richings J., et al., 2020, MNRAS, 492, 5780
Sawala T., Pihajoki P., Johansson P. H., Frenk C. S., Navarro
J. F., Oman K. A., White S. D. M., 2017, MNRAS, 467, 4383
Somerville R. S., 2002, ApJ, 572, L23
Spergel D. N., Steinhardt P. J., 2000, Phys. Rev. Lett., 84, 3760
Springel V., et al., 2005, Nature, 435, 629
Springel V., et al., 2008, MNRAS, 391, 1685
Stadel J., Potter D., Moore B., Diemand J., Madau P., Zemp M.,
Kuhlen M., Quilis V., 2009, MNRAS, 398, L21
Teuben P., 1995, The Stellar Dynamics Toolbox NEMO. p. 398
Vogelsberger M., Zavala J., Loeb A., 2012, MNRAS, 423, 3740
Webb J. J., Bovy J., Carlberg R. G., Gieles M., 2019, MNRAS,
488, 5748
MNRAS 000, 1–14 (2020)
14 Webb & Bovy
Wetzel A. R., Hopkins P. F., Kim J.-h., Faucher-Gigue`re C.-A.,
Keresˇ D., Quataert E., 2016, ApJ, 827, L23
White S. D. M., Frenk C. S., 1991, ApJ, 379, 52
Yoon J. H., Johnston K. V., Hogg D. W., 2011, ApJ, 731, 58
van den Bosch F. C., Ogiya G., 2018, MNRAS, 475, 4066
van den Bosch F. C., Ogiya G., Hahn O., Burkert A., 2018, MN-
RAS, 474, 3043
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–14 (2020)
